The ability to produce vigorous immune responses that spare self tissues and organs depends on the elimination of autoreactive T and B cells. However, purging of immature and mature self-reactive T and B cells is incomplete and may also require the involvement of cells programmed to suppress immune responses 1 . Regulatory T cells (T reg ) belonging to the CD4
1 T-cell subset may have a role in preventing untoward inflammatory responses, but T-cell subsets programmed to inhibit the development of autoantibody formation and systemic-lupus-erythematosus-like disease have not yet been defined 2 . Here we delineate a CD8
1 regulatory T-cell lineage that is essential for the maintenance of self tolerance and prevention of murine autoimmune disease. Genetic disruption of the inhibitory interaction between these CD8
1 T cells and their target Qa-1 1 follicular T-helper cells results in the development of a lethal systemic-lupus-erythematosus-like autoimmune disease. These findings define a sublineage of CD8 T cells programmed to suppress rather than activate immunity that represents an essential regulatory element of the immune response and a guarantor of self tolerance.
Interest in regulatory T cells has focused largely on FoxP3 1 CD4 1 cells 3 . The possibility that development of CD8 1 cells may give rise to a regulatory lineage has received less attention. Early observations detected a subpopulation of CD8 cells that suppressed T-cell help to B cells 4 , and recent studies have shown that Qa-1-restricted CD8 cells inhibit experimental autoimmune encephalomyelitis by targeting autoreactive CD4 cells [5] [6] [7] [8] . Nonetheless, although Qa-1-deficient mice develop dysregulated immune responses to self and foreign antigens, they do not spontaneously develop autoimmune disease 6 . However, deletion of the Qa-1 molecule disrupts interactions with two distinct receptors that have opposing effects on CD4-mediated immune responses. First, engagement of the T-cell receptor by Qa-1-peptide complexes leads to the activation and expression of antigen-specific suppressor CD8 cells 9 . Second, engagement of the CD94/NKG2A receptor by Qa-1-Qdm peptide complexes expressed by activated CD4 cells protects these CD4 cells from NK lysis and suppression by CD8
1 T reg cells 9, 10 . Therefore, we generated Qa-1 knock-in mice, C57BL/6 (B6) Qa-1(D227K), containing a Qa-1 amino acid exchange mutation that disrupts Qa-1 binding to the T-cell receptor/CD8 coreceptor, but has no effect on engagement of the inhibitory NKG2A receptor on CD8 and NK cells ( Supplementary Fig. 1 ).
First we analysed Qa-1 mutant mice for the development of autoimmune disease. Analysis of sera from 4-6-month-old B6 Qa-1(D227K) mice and age-matched B6 controls revealed a fivefold increase in total IgG (Fig. 1a) and a 20-fold increase in immunoglobulin G deposition (Fig. 1b) associated with glomerulonephritis (Fig. 1c) and autoantibodies against nuclear antigens (Fig. 1d) . To define potential target cells for Qa-1-dependent suppression 6 , we analysed Qa-1 expression by T-helper-cell subsets. In the absence of activation by antigen, follicular T-helper (T FH ) cells (,5% of CD4 cells) expressed high levels of Qa-1, whereas non-T FH CD4 (T H 0, T H 17, T H 1 and T H 2) cells expressed barely detectable levels ( Fig. 1e and Supplementary  Fig. 2 ). These findings raised the possibility that T FH cells might be primary cellular targets of Qa-1-dependent regulation.
We asked whether T FH cell numbers increased after disruption of the inhibitory interaction between Qa-1-restricted CD8 cells and Qa-1 1 T FH cells. B6 Qa-1(D227K) mice showed a 5-6-fold increase in T FH cells compared with age-matched B6 Qa-1 (wild-type) controls (Fig. 1f) and a fivefold increase in germinal-centre area (Fig. 1g) . Increased germinal-centre area was accompanied by a 15-fold increase in isotype-switched Fas 1 B220 1 B cells (Fig. 1h) , reminiscent of autoimmune-prone sanroque and BXSB-Yaa mouse strains 11, 12 . Next we examined the immune responses of Qa-1 mutant mice to foreign infectious and non-infectious antigens. T-cell-dependent B-cell immune responses in the germinal centre begin with cellular proliferation and end with the selection of high-affinity B cells that differentiate into memory and plasma cells. Although the early primary responses of Qa-1 mutant mice to keyhole limpet haemocyanin (KLH) were similar to Qa-1 (wild-type) mice (Fig. 2a) , by day 30 the germinalcentre area of mutant mice had increased approximately tenfold over the pre-immune germinal-centre area, whereas that of control Qa-1 (wild-type) mice had contracted to pre-immunization levels (Fig. 2a) . Immunization of B6 Qa-1(D227K) mice with KLH also generated autoantibodies to thyroglobulin and double-stranded DNA (Fig. 2b) , accompanied by monocytic infiltration into the liver, enlargement of kidney glomeruli and hyperplastic proximal colitis (Fig. 2c) .
Because microbial infection can induce or exacerbate autoimmune disease [13] [14] [15] , we tested the effects of lymphocytic choriomeningitis virus (LCMV)-Armstrong infection. Although B6 Qa-1 (wild-type) and B6 Qa-1(D227K) mice produced similar levels of antiviral antibody ( Supplementary Fig. 3a) , the latter displayed an approximately 5-fold increase of germinal-centre-positive B cells ( Supplementary Fig. 3b , left panel), and a more than 20-fold increase in splenic CD11b 1 cells ( Supplementary Fig. 3c ) within two weeks of infection. Dysregulated cellular expansion was accompanied by vigorous autoantibody responses to double-stranded DNA, thyroglobulin and insulin by young (6-week-old) and older (6-month-old) mice ( Fig. 2d and Supplementary Fig. 3d ), indicating that autoantibody formation was not simply the residue of chronic autoimmunity. The response was marked by inflammatory cell infiltration into the liver, dermis and epidermis; ulceration of subdermal areas, hyperkeratosis ( Fig. 2e ) and glomerulonephritis that resulted in death from renal dysfunction by 25-30 days after infection (Fig. 2f) .
These findings indicate that a Qa-1 point mutation that impairs recognition of antigen by Qa-1-restricted CD8 T reg cells results in increased numbers of T FH and autoimmunity characterized by: 1) tissue-specific autoantibodies; 2) lymphoid infiltration of peripheral organs; and 3) severe glomerulonephritis.
We addressed then whether the abnormal phenotype of Qa-1 mutant mice reflected the loss of a regulatory interaction between CD8
1 T reg and CD4
1 T FH cells. Although Qa-1-restricted CD8 1 cells have been implicated in the regulation of diverse immune responses, insight into this process has been constrained by the lack of surface markers to distinguish them from conventional CD8 cells. Analysis of T cells one week after immunization with KLH in complete Freund's adjuvant (CFA) revealed a subpopulation of activated CD8 cells that expressed ICOSL and CXCR5 on their surface, according to fluorescenceactivated cell sorting (FACS) analysis, along with CD44, VLA-4 and CD122 (Fig. 3a) Supplementary Fig. 4) . Analysis of the secondary response elicited after boosting reconstituted Rag2 2/2 hosts showed that as few as 2 3 10 5 ICOSL
1

CD8
1 T cells completely suppressed high-affinity anti-NP antibody responses of Qa-1 (wild-type) but not Qa-1 mutant CD4 cells (Fig. 3c, bottom) . Qa-1
1
CD4
1 cells were an essential cellular target of suppression, as CD4 cells expressing the B6 Qa-1(D227K) mutation allowed a full anti-NP response (Fig. 3c) . Moreover, B cells were not targets of Qa-1-restricted suppression ( Supplementary Figs 5 and 6 ). ICOSL 1 CD8 cells generated after in vitro stimulation with (Qa-1b
b2/2 (MHC class Iadeficient) activated B and T cells suppressed ,99% of high-affinity antibody and markedly reduced the numbers of T FH and germinalcentre B cells (Fig. 3d and Supplementary Fig. 7) .
If autoimmunity in Qa-1 mutant mice reflected a defective Qa-1-dependent regulatory interaction, Rag2 2/2 hosts reconstituted with Qa-1 mutant CD4 cells (and CD8
1 T reg cells) might produce autoantibody on challenge with antigen. Indeed, these hosts produced high titres of autoantibody to double-stranded DNA, whereas recipients of Qa-1 (wild-type) CD4 cells did not (Fig. 3e, f and Supplementary  Fig. 8 ). Taken together, these data demonstrate that an interaction between CD8
1 T reg and Qa-1 1 T FH cells inhibits production of both high-affinity antibody and autoantibody.
To distinguish further the T-helper-cell lineage targeted by CD8
1 T reg cells, we induced each of the major CD4 1 T-helper-cell subsets (T FH , T H 1, T H 2 and T H 17) expressing either Qa-1 (wild type) or Qa-1(D227K) and sharing the OT-II T-cell receptor (Supplementary Fig. 9 ). Cells were transferred into Rag2 2/2 hosts along with B cells and sorted CD44
1 CD8 1 T cells before immunization with NP 13 conjugated to ovalbumin (NP 13 -OVA) in CFA. Two weeks later, the anti-NP response induced by Qa-1 (wild-type) T FH cells but not Qa-1(D227K) T FH cells was reduced by .90% (Fig. 3g) , and the numbers of Qa-1 (wild-type) but not Qa-1(D227K) V b 5 1 CD4 cells were reduced by about 65-70% (Fig. 3h) . The anti-NP response induced by T H 1, T H 2 and T H 17 cells was not impaired (Supplementary Fig. 10) .
We then attempted to define the mechanism of CD8-dependent suppression. Perforin-deficient (Prf1
1 T reg cells fail to mediate significant Qa-1-restricted suppression of T FH targets in Rag2 2/2 hosts ( Supplementary Fig. 11a ), consistent with the observation that suppression is associated with reduced numbers of antigen-specific (OT-II) T FH cells in adoptive hosts (Fig. 3h and Supplementary Fig. 11b ). Although dependent on Prf1, CD8 1 T reg cells do not represent conventional cytotoxic T lymphocytes because, unlike the majority of cytotoxic T cells, they are fully dependent on IL-15 for activity 16 : CD8 1 T cells from Il15 2/2 donors lack inhibitory activity (Fig. 4a) 
CD8
1 cells were enriched in vitro. Secondary antibody response is shown at day 28 after transfer. Data represent one of two independent experiments. e, f, Antigen-specific antibody and autoantibody generation in secondary hosts infused with wild-type (filled circles) or D227K (open circles) CD4 cells. g, Qa-1-dependent suppression of monoclonal T FH cells by CD8 T reg (see legend to Supplementary Fig. 10 ). h, Number of recovered
2/2 recipients. Three-to-six mice per group were used. Error bars denote mean 6 s.e.m. *P value 5 ,0.05, **P value 5 ,0.01, ***P value 5 ,0.001. Fig. 12 17 . Although IL-10 has been implicated in suppression, this cytokine did not contribute to Qa-1-restricted suppression by CD8 T reg (Fig. 4b ).
cells (Supplementary
An inhibitory interaction between CD8 1 T reg cells and target T FH cells should require migration of CD8 1 cells to lymphoid follicles. Rag2 2/2 hosts injected with CD4 1 cells, B cells and protein/adjuvant (KLH/CFA) showed organized lymphoid architecture containing secondary B-cell follicles and T-cell zones within 7-10 days. After injection of these mice with sorted CD44
1 CD8 1 cells from B6 CD45.1 donors, histological examination showed substantial homing to both the GL-7
1 B-cell areas and to adjacent CD4 1 T-cell zones: .80% of CD45.1 1 CD8 cells were located either within the germinal centre or in the inner T-cell zone (Supplementary Fig.  13 ). Furthermore, CXCR5
1 CD8 cells purified by FACS sorting selectively migrated into lymphoid follicles (Supplementary Fig. 14) , indicating that homing of CXCR5 1 CD44 1 CD8 1 cells to lymphoid follicles may allow inhibition of T FH activity by the migrant cells.
Next we asked whether gene products associated with CD4 1 regulatory T-cell activity might be expressed by CD8
1 T reg expressed neither CTLA-4 nor diminished levels of IL-7 receptor-a (CD127) (Supplementary Fig. 15 ), nor FoxP3 ( Supplementary Fig. 15e, f) . However, they did express high levels of GITR and CD25 ( Supplementary Fig. 15 ), possibly associated with cellular activation. In sum, although CD4
1 and CD8 1 T reg cells both inhibit immune responses, they belong to different T-cell subsets, use dissimilar inhibitory mechanisms and are probably controlled by distinct genetic programs.
These findings indicated a new approach to a longstanding problem in basic and clinical immunology: the failure to transfer robust immune responses into syngeneic hosts. To test the hypothesis that this might reflect inhibition by Qa-1-restricted CD8
1 T reg cells in the host, we transferred OT-II T FH cells into naive syngeneic B6 mice before NP 13 -OVA immunization, as described 18 . T FH cells were
, and showed enhanced levels of surface PD-1 1 and Qa-1 for both Qa-1 (wild-type) and Qa-1 mutant cells ( Supplementary Figs 16 and 17) . Transfer of B6 Qa-1(D227K) OT-II T FH , but not B6 Qa-1 (wild-type) OT-II T FH cells, induced robust and specific high-affinity anti-NP responses (Fig. 4c, d) . Induction of high-affinity anti-NP antibody responses by transferred B6 Qa-1(D227K) OT-II cells was specific, as challenge of these host mice with NP 19 -KLH rather than NP 13 -OVA stimulated little or no anti-NP antibody. This was associated with a pronounced (15-fold) reduction in the numbers of Qa-1 (wild-type) donor BTLA 1 OT-II cells (30 3 10 4 versus 2 3 10 4 ) (Fig. 4e, f) , indicating that the adoptive response is tightly controlled by Qa-1-dependent suppression of donor T FH cells that is bypassed by CD4
1 T FH cells expressing a mutant Qa-1.
Generation of high-affinity antibody responses against pathogens that are not contaminated by anti-self antibody is a daunting biological task. The majority of B cells express self-reactive B-cell receptors during the early phase of development 19 . Receptor editing, deletion and/or induction of anergy does not prevent generation of autoreactive memory B cells 20, 21 , as somatic mutation of immunoglobulin variable regions in B cells activated by cognate T FH cells generates autoreactive antibodies 22 . Inhibition of the delivery of cognate help by disruption of the T FH -B-cell interaction is necessary to ensure self tolerance. Indeed, increased numbers of circulating T FH cells represent a cardinal feature of severe systemic lupus erythematosus 23 . Using mice that carry a single point mutation within the murine protein Qa-1, we have uncovered a fundamental mechanism essential for maintenance of self tolerance and characterized the pathological consequences that arise when this mechanism breaks down. B6 Qa-1(D227K) mice develop autoimmune disease at 4-6 months, which is characterized by tissue-specific autoantibodies and invasion of nonlymphoid tissues by monocytes and lymphocytes. The genetic profile of CD8
1 T reg cells is distinct from that of CD4 1 T reg cells (Supplementary Fig. 15) , consistent with the development of autoimmune disease in B6 Qa-1(D227K) mice despite the presence of a Antigen: NP 13 (Fig. 4c, d ). These findings also indicate new approaches to adoptive transfer therapy based on targeting CD8
1 T reg activity to allow robust antibody responses.
METHODS SUMMARY
Mice. C57BL/6 (B6), Rag2 2/2 , Rag2 2/2 cc 2/2 , CD45.1 1 C57BL/6 (Taconic Farms), Prf1 2/2 , Il15 2/2 , OT-II transgenic (Jackson Labs) and B6 Qa-1(D227K) 9 mice (backcrossed for 11 generations) were housed in pathogen-free conditions. All experiments were performed in compliance with federal laws and institutional guidelines as approved by the Animal Care and Use Committee of the Dana-Farber Cancer Institute (DFCI). Cell purification and adoptive transfer. Naive B cells were isolated from the spleen and lymph nodes of Qa-1 wild-type and mutant mice. Naive CD4 1 CD25 2 cells were purified from the spleen and lymph nodes of Qa-1 wild-type and mutant mice using a CD4 cell enrichment kit (BD Bioscience) and biotinylated anti-CD25 antibody. B-cell and CD4-cell purity was .95%. To generate immune CD8 cells, wild-type B6 mice were immunized intraperitoneally (i.p.) with 100 mg of KLH in CFA and splenic CD8 cells were obtained 7-10 days later and transferred into Rag2 2/2 recipients or enriched for ICOSL Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
